Kernels at the ear tip of field grown maize (Zea mays L.) often abort during flowering, resulting in significant yield loss. The objective of this study was to determine if abortion is initiated by an inadequate supply of carbohydrates for growth of ear tip kemels, and/or by a hormonal signal. Field grown maize plants were either unshaded or shaded during flowering to increase kernel abortion. Nonstructural carbohydrates, indoleacetic acid (IAA), abscisic acid (ABA), and cytokinins were measured in aborting and nonaborting kernels, before and after abortion occurred. Kemel abortion was initiated 8 days after anthesis (DAA) and was complete by 12 DAA, when kemels ceased dry weight accumulation. Concentrations of reducing sugars, sucrose, and starch in aborting kernels were not significantly different from those in nonaborting kemels up to 12 DAA. Also, total carbohydrate concentrations were higher in the cob of aborting than of nonaborting kernels from 8 to 26 DAA. These data suggest that kemel abortion is not initiated by an inadequate supply of carbohydrates. However, accumulation of reducing sugars in the cob of aborting kemels suggests that transfer of sugars from cob to kemels is impaired early in the abortion process. Differences in IAA, ABA, and cytokinin concentrations between aborting and nonaborting kemels were only observed after abortion was complete. Kemel abortion is apparently not initiated by a signal of these hormones. After completion of abortion, aborted kemels contained higher concentrations of ABA and lower concentrations of IAA than nonaborted kemels. There was also a trend toward higher concentrations of zeatin riboside in nonaborted kemels.
It is routinely observed that kernels at the ear tip of field grown maize cease dry weight accumulation during flowering and abort before the onset of linear grain fill (12, 21, 23) . Grain yield potential is reduced as a result of kernel abortion. Kernel abortion increases when plants are shaded and photosynthesis is reduced during flowering (7, 21) . Similarly kernel abortion is decreased by light enrichment of plants during flowering (22) . Kernels can also be induced to abort in vitro, when cultured six per cob piece (1 1). In this study, aborted kernels had lower pedicel sugar concentrations than nonaborted kernels. Collectively, results of the above studies suggest that kernels abort because assimilate supply is insufficient to support their development. ' Present address: Garst Seed Company, P. 0. Box 500, Slater, IA 50244.
Alternatively kernel abortion in maize may be initiated by a hormonal signal. In soybeans, applications of BA2 to the main stem floral racemes decreased flower abortion and resulted in increased pod number at plant maturity (1, 3) . In addition, Carlson et al. (1) demonstrated that total cytokinin flux to the opening flowers of soybean is related to whether or not a pod is initiated. In yellow lupin, Van Steveninck (24) showed that rapidly growing pods at the base of the inflorescence produce an inhibitor that induces abortion of younger newly fertilized flowers. The inhibitor was identified as ABA (2) . Similarly, high levels of ABA have been correlated with abortion of developing cotton fruit (5, 10) and wheat grain (16) . In maize it was observed that aborting kernels contain higher levels of ABA and lower levels of IAA and cytokinins than nonaborting kernels during flowering (20) . However, it was unclear whether these hormonal differences were a cause or effect of abortion.
In the present study, maize plants were either unshaded or shaded during flowering to increase kernel abortion. Carbohydrates, IAA, ABA, and cytokinins were measured in aborting and nonaborting kernels, before and after abortion occurred. The objective of the study was to determine if kernel abortion in maize is initiated by insufficient supply of carbohydrates to ear tip kernels and/or by a hormonal signal. Radiolabeled hormone standards were added to each sample before homogenization to quantify recoveries of each hormone. Homogenized samples were centrifuged and the pellet re-extracted with extraction solution. The supernatants were evaporated to the aqueous phase and plant hormones separated by successive preparative HPLC as described by Rajasekaran et al. (19) . Four hormone fractions were collected corresponding to IAA, ABA, Z/DHZ, and ZR/DHZR.
MATERIALS AND METHODS

Cultural Procedures and Experimental
Indoleacetic acid was determined by combined fluorimetry and amperometry as described (19) . Abscisic acid was determined by RIA (19) using a monoclonal antibody specific to (+)-ABA (obtained from Dr. E. W. Weiler) which has been described (17) . The cytokinin fractions were dried in silanized glass tubes and resuspended in PBS [10 mm Na-phosphate buffer (pH 7.6), 0.9% (w/v) NaCl]. Cytokinins were assayed by an ELISA using polyclonal antibodies to ZR and DHZR (obtained from Dr. G. C. Davis). The preparation and characterization of these antibodies has been described (4). Zeatin and DHZ were assayed by cross-reactivity to ZR and DHZR antibodies, respectively (4). The (Fig. 4) 
DISCUSSION
In this study, kernels 36-40 of shaded plants and 41-ear tip of both treatments ceased growth prematurely during flowering. Kernels at position 43 on the ear of controls were examined cytologically. At 11 DAA, the embryo and endosperm had started to develop, but at 19 DAA these tissues had degenerated and the kernels aborted (our unpublished data). Therefore, it is assumed that ovules at distal ear sections are fertilized, but some kernels cease development prematurely and abort.
To identify the causes of kernel abortion, the times of initiation and completion of abortion must be known. The rate of dry weight accumulation of shaded kernels 36-40 started to decline after 8 DAA and was zero after 12 DAA. Therefore, abortion of these kernels was apparently initiated at 8 DAA and was complete by 12 DAA. Similarly, abortion ofkernels 41 -ear tip ofshaded and control plants was initiated at 8 DAA and was complete after 8 and 12 DAA, respectively.
If kernel abortion is initiated by an inadequate supply of sugars to support kernel development, then lower sugar con- centrations should have been observed in aborting compared to nonaborting kernels at the time of initiation of abortion. Reducing sugar, sucrose, and starch concentrations were similar in nonaborting (controls) and aborting (shaded) kernels 36-40 up to 12 DAA. Also, total sugar concentrations were significantly higher in the cob ofaborting than ofnonaborting kernels from 8 DAA throughout flowering. Collectively, these data suggest that kernel abortion is not initiated by an inadequate supply of sugars for kernel development.
However, there is evidence that transfer of sugars from cob to aborting kernels becomes progressively impaired early in the abortion process. In maize, sucrose transfer from cob to kernels is by the following pathway. Sucrose is released from terminal sieve elements in the pedicel, is hydrolyzed to reducing sugars by invertase, and these sugars diffuse into the basal endosperm cells (18 15 DAA, IAA concentrations were higher in nonaborted than aborted kernels. Therefore, IAA may promote continued growth of nonaborted kernels, but levels may be insufficient in aborted kernels to counteract growth inhibition. Similarly, it has been reported that IAA in the abscission zones of cotton bolls is positively correlated with boll retention (10) .
Up to the onset of kernel abortion there were no significant differences in ABA concentrations between nonaborting and aborting kernels. Again, this suggests that kernel abortion is not initiated by an ABA signal. However, from 8 to 15 DAA, concentrations of ABA increased in aborting and decreased in nonaborting kernels. Therefore, ABA may promote kernel abortion after it has been initiated just as it promotes boll abscission in cotton (10) . The increase of ABA in aborting kernels was coincident with accumulation of reducing sugars in the cob of aborting kernels. Since it has been reported that ABA can regulate uptake of sugars into excised kernels (14) , ABA may promote kernel abortion by decreasing kernel sugar uptake.
As with IAA and ABA, there was no indication that cytokinins are associated with initiation of kernel abortion, since differences in cytokinin concentrations between nonaborting and aborting kernels were only observed after completion of abortion. At 15 DAA, ZR and DHZR concentrations were higher in nonaborted (26-30) than in aborted kernels (41-45), whereas, Z + DHZ concentrations were higher in aborted than in nonaborted kernels. Because insufficient to counteract growth inhibition by ABA and ethylene. Approximately 1 to 4 d after initiation of kernel abortion, sugar supply to aborting kernels is terminated, kernel growth ceases and abortion is complete. Some aborted kernels synthesize starch from reducing sugars and sucrose accumulated before completion of abortion. Therefore, completion of abortion is not a result of loss of kernel metabolic competency, but due to termination of sugar supply.
Further studies must be conducted to fully determine the roles of ethylene and ABA in maize kernel abortion. An understanding of the physiology of kernel abortion will serve as a guide for genetic or chemical approaches to maize yield improvement.
